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Abstrat: The nuleon eetive mass, binding energy and neutron star ongura-
tion in the Relativisti Mean-Field Theory (RMF) is onsidered. The alulation are
motivated by the onstrution of the equation of state for a neutron star in the RMF.
The equation of state for the parameters set TM1 is alulated using the Feynman
- Bogolubov variational method for temperature dierent from zero. The struture
of the neutron star is presented. The maximal stable onguration are obtained for:
Mmax = 1.91M⊙, R = 12.84 km.
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Introdution
The physis of ompat objets like neutron stars oers an intriguing interplay be-
tween nulear proesses and astrophysial observables. Neutron stars exhibit ondi-
tions far from those enountered on earth. The determination of an equation of state
(EoS) for dense matter is essential to alulations of neutron star properties.
This paper presents a basi model of neutron star [1℄ matter inluding interations
among nuleons in the relativisti mean eld approximation [2℄[3℄[4℄. Espeially the
Waleka model (QHD) and its nonlinear extensions have been quite suessful and
widely used for the desription of hadroni matter and nite nulei. Inreasing in-
terest in neutron matter at nite temperature has been observed reently in relation
to the problems of hot neutron stars and of protoneutron stars and their evolutions
in partiular. Theories onerning protoneutron stars are being disussed in works
by Prakash et. al. [5℄. Reently a detail alulation has been done with dierent
models to study the properties of neutron stars [5℄. Glendenning [6℄ has studied the
properties of neutron star in the framework of nulear relativisti eld theory. In our
alulations, we used the TM1 [7℄ parameter set, whih has a apability to reprodue
the known results of nite nulei as well as of normal nulear matter. The TM1
model possess a distintively stier EOS.
The Relativisti Mean Field Theory
The elds of the model RMF for σ, ω and ρ-mesons are denoted as ϕ, ωµ, ρµ. The
Lagrange density funtion for this model has the following form
L = 1
2
∂µϕ∂
µϕ− 1
4
RaµνR
aµν − 1
4
FµνF
µν +
1
2
M2ω ωµω
µ +
1
2
M2ρ ρ
a
µρ
aµ
(1)
− U(ϕ) + 1
4
c3(ωµω
µ)2 + iψγµDµψ − ψ(M − gsϕ)ψ +
i
2∑
f=1
Lfγ
µ∂µLf −
2∑
f=1
gf(LfHeRf + h.c.) (2)
where
Raµν = ∂µρ
a
ν − ∂νρaµ + gεabcρbµρcν (3)
Fµν = ∂µων − ∂νωµ (4)
Dµ = ∂µ +
1
2
igρρ
a
µσ
a + igωωµ (5)
The potential is given by
U(ϕ) =
1
2
m2sϕ
2 − 1
3
g2ϕ
3 − 1
4
g3ϕ
4 =
1
2
m2sϕ
2 +
1
3!
κϕ3 +
1
4!
λϕ4 (6)
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Parameter L2[3℄ NBL[3℄ LN1[12℄ TM1[7℄
M 938MeV 938MeV 938MeV 938MeV
Mw 786MeV 786MeV 795.359MeV 783MeV
Mρ 770MeV 770MeV 763MeV 770MeV
ms 500MeV 510MeV 492MeV 511.198MeV
g2 = κ/2 0 2.03 fm
−1 12.172 fm−1 7.2325 fm−1
g3 = λ/6 0 1.666 −36.259 0.6183
gs 10.0773 9.6959 10.138 10.0289
gω 13.8655 12.5889 13.285 12.6139
gρ 8.48784 8.544 4.6322 4.6322
c3 0 0 0 71.3075
Table 1: Parameters Set for the Lagrangian (1).
The fermion elds are omposed of protons, neutrons and eletrons, muons and
neutrinos
ψ =
(
ψp
ψn
)
, L1 =
[
νe
e−
]
L
, L2 =
[
νµ
µ−
]
L
, eRf = (e
−
R, µ
−
R). (7)
M is the nuleon mass andms,Mω,Mρ are masses assigned to the mesons elds, g, g
′
and gs are oupling onstants. The Lagrangian funtion inludes also the nonlinear
term
1
4
c3(ωµω
µ)2 whih aets remarkably the form of the equation of state. the
Higgs eld H takes the form of
H =
1√
2
(
0
V
)
(8)
takes here the residual form. The parameters used in NBL model [3℄ are ms = 500
MeV with κ = 800 MeV and λ = 10. The Euler equation for ΦA = {ϕ, ωµ, ρµ,ψ}
elds are
✷ϕ = m2sϕ+ g2ϕ
2 + g3ϕ
3 − gsψψ (9)
−∂µF µν = M2ωων + c3(ωµωµ)ων − gωJνB (10)
where
JνB = ψγ
νψ (11)
is the baryon urrent
−DµRµν,a = M2ρ ρν,a − gρJν3 (12)
and
Jν3 =
1
2
ψγνσ3ψ (13)
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Figure 1: The potential U(ϕ) in the relativisti mean eld theory for L2 [3℄, NBL[3℄, LN1
[12℄, TM1[7℄ phenomenologial parameters.
is the isospin urrent. In the system we have onservation of baryon harge
QB =
∫
d3xJ0,
and the isospin harge
Q3 =
∫
d3xJ03 .
The last is the Dira equation
iγµDµψ − (M − gsϕ)ψ = 0. (14)
The physial system is totally dened by the thermodynami potential[8℄
Ω = −kT lnTr(e−β(H−µQB−µ3Q3)) (15)
where H is the Hamiltonian of the physial system
H =
∑
A
∫
d3x{∂0ΦAπAΦ − L} (16)
and πA = ∂L
∂(∂0ΦA)
is a momentum onneted to the eld ΦA. The elds ΦA = {ϕ, ωµ,
ρµ,ψ} denote all elds in the system. The average harges
∂Ω
∂µ
= − < QB >, ∂Ω
∂µ3
= − < Q3 > (17)
an be obtained from the thermodynami potential, of ourse they should be on-
served. In this paper we shall use the eetive potential approah build using the
Bogolubov inequality [9℄
Ω ≤ Ω1 = Ω0(mB, mF )+ < H −H0 >0 (18)
3
Ω0 is the thermodynami potential of the trial system as eetively free quasipartile
system desribed by the Lagrange funtion
L0(mB, mF ) = 1
2
∂µϕ∂
µϕ− 1
2
m2Bϕ
2 − 1
4
G
a
µνG
aµν − 1
4
Fω.µνF
µν
ω
+
1
2
M2ωωµω
µ +
1
2
M2ρρ
a
µρ
aµ + ψ(iγµDµ −mF )ψ (19)
Similar to the general ase
G
a
µν = ∂µρ
a
ν − ∂νρaµ
and
Fω,µν = ∂µων − ∂νωµ.
We deompose the ΦA eld into two omponents, the eetively free quasipartile
eld Φ˜A and the lassial boson ondensate ξA
ΦA = Φ˜A + ξA (20)
In the ase of the RMF model we have
ϕ = ϕ+ σ (21)
ωµ = ωµ + wµ, wµ = δµ,0w (22)
ρaµ = ρ
a + raµ, r
a
µ = δ
a,3δµ,0 r (23)
The ξA = {σ, w, r} eld will be treated as the variational parameters in the ee-
tive potential. Also the boson and fermion mass mB, mF will be treated as as the
variational parameters. The ovariant derivative for the trial system is
Dµ = ∂µ +
1
2
igρr
a
µσ
a + igωwµ (24)
This introdue the homogenous fermion interation with boson ondensate wµ, r
a
µ.
The fermion quasipartile will obey the Dira equation
(iγµDµ −mF )ψ = 0 (25)
The onstant ondensate w, r simply shift the hemial potential from µi = µ
0
i (when
w = r = 0) to
µn = µ
0
n +
1
2
gρr − gωw (26)
µp = µ
0
p −
1
2
gρr − gωw (27)
where µn = µ+
1
2
µ3 and µp = µ− 12µ3.
Neutrons, protons and eletrons are in β-equilibrium whih an be desribed as a
relation among their hemial potentials
µp + µe = µn (28)
4
where µp, µn and µe stand for proton, neutron and eletron hemial potentials
respetively. If the eletron Fermi energy is high enough (greater then the muon
mass) in the neutron star matter muons start to appear as a result of the following
reation
e− → µ− + νe + νµ (29)
The hemial equilibrium between muons and eletrons an be desribed by the
ondition
µµ = µe (30)
When neutrinos are trapped inside the protoneutron star also the neutrino hemial
potential should be inluded
µp + µe = µn + µνe. (31)
The density of the thermodynami potential f1 = Ω1/V is equal to
f1(mB, mF , σ, w, r) = (32)
f0(mB, mF ) +
1
2
< ϕ2 >0 (m
2
s −m2B) + 18λ < ϕ2 >20 +
1
2
κ < ϕ2 >0 σ +
1
2
(m2s +
1
2
λ < ϕ2 >0)σ
2+
1
3!
κσ3 + 1
4!
λσ4+ < ψψ >0 (gσ −mF ) + ..,
f0 = fB + fF (33)
where fB is the boson free energy and fF the fermion one. For boson eld the free
energy is
fB =
kBT
(2π)3
∫
d3pln(1− e−βω(p)) (34)
with ω(p) =
√
p
2 +m2B. For fermions we have 4 degree of freedom, 2 for spin 1/2
and 2 for partile - antipartile distinguishing. For one fermion eld the free energy
is equal to
fF = −
∑
i={n,p}
2kBT
(2π)3
∫
d3p{ln(1 + e−β(ǫ(p)−µi)) + ln(1 + e−β(ǫ(p)+µi))} (35)
now with ǫ(p) =
√
p
2 +m2F . Variation
∂f1
∂m2B
= 0,
∂f1
∂mF
= 0
with respet to the trial system L0 gives
m2B = m
2
s + 2g2σ + 3g3(σ
2+ < ϕ2 >0), (36)
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Figure 2: Meson mass m2B/M
2
dependene on the Fermi momentum x = kF /M for
temperature T = 50MeV .
mF = Mδ = M − gsσ. (37)
In the loal equilibrium inside the star the free energy reahes the minimum at σ.
The same result may be ahieved alulating the averages of the equation of
motions (9) for the eetive system L0. In the mean eld approximation the meson
eld operators are replaed by their expetation values. We also onsider the isotropi
system at rest. For the salar eld the equation (9) have is follows
(m2s +
1
2
λ < ϕ2 >0)σ +
1
2
κσ2 +
1
6
λσ3 = gs < ψψ >0 −1
2
κ < ϕ2 >0 (38)
If we shall notie that
∂fB
∂m2B
=
1
2
< ϕ2 >0,
then it easy to obtain
< ϕ2 >0=
1
2π2
∫ dp p2√
p2 +m2B
1
(exp(βω(p))− 1)
This result means that equation (36) is highly nonlinear with respet to the meson
mass mB (Fig. 2). As < ψψ >0 (alulated with respet to L0 system) depends
on the eetive nuleon mass mF (or σ ) the equation (38) is highly nonlinear also
with respet to σ. In most of papers [10℄ temperature dependene of the boson elds
is negleted. Contrary to the fermion ase the eetive mass of boson mB growing
with Fermi momentum. In the result the bosons temperature ontributions may be
negleted.
Calulation similar to the boson ase, base on the relation
∂fF
∂mF
=< ψψ >0
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Figure 3: The eetive neutron mass mF = δ(xF )M as funtion of the neutron Fermi
momentum x = kF ( fm
−1).
gives
< ψψ >0=
∑
i={n,p}
mF
π2
∫ ∞
0
p2dp√
p2 +m2F
{ 1
exp(β(ǫp − µi)) + 1+ (39)
1
exp(β(ǫp + µi)) + 1
}.
The quantum average < ψψ >0 depends on the neutron and proton hemial po-
tentials µp, µn. In the result the eetive nuleon eetive mass mF also will be
dependent he neutron and proton hemial potentials. In the result the solution σ of
the equation (9) also will be dependent on ξ. The same situation will onsider other
elds. This model is the simple example of the relativisti mean led theory [3℄.
The eetive mass mF (or δ = mF/M ) dependene on the dimensionless Fermi
momentum xF is presented on the Fig.3. The binding energy
E0 = ǫ(xF , T )/QB −M (40)
for nuleon symmetri phase is presented on Fig. 2 (see Table 2). We see that
binding energy strongly depends on temperature and above T > 15 MeV is positive.
The temperature dependene of the binding energy in presented on the Fig 4. To
alulate the properties of the neutron star we need the energy-momentum tensor.
In ase of the fermions eld it is more onvenient to use the reper led eaµ dened as
follows gµν = e
a
µe
b
νηab where ηab is the at Minkowski spae-time matrix. The general
denition
Tµν = 2
∂LB
∂gµν
+ eaµ
∂LF
∂eaν
− gµνL (41)
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Parameter L2[3℄ NBL[3℄ LN1[12℄ TM1[7℄
E0MeV −15.74 −16.59 −16.42 −16.26
kF,0 fm
−1 1.30 1.31 1.309 1.29
ρ0 fm
−3 0.149 0.1524 0.1517 0.1452
δ0 = mF/M 0.54 0.60 0.573 0.634
KMeV 545.93 445.73 215.19 281.53
Table 2: The nuleon symmetri phase properties at the saturation point.
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Figure 4: The temperature dependene of the binding energy for nuleon symmetri TM1
phase.
allows us to alulate the density of energy and pressure. The total Lagrange funtion
L = LB + LF is divided into boson and fermion part. To alulate the density of
energy and pressure we shall average the energy-momentum tensor Tµν with respet
to the quasi equilibrium onguration dened by the trial system L0. We dene the
density of energy and pressure by the energy - momentum tensor
< Tµν >= (P + ǫ)uµuν − Pgµν (42)
where uµ is a unite vetor (uµu
µ = 1). So, the alulations give
ǫ(xF , T ) = ρc
2 = −1
2
M2ωw
2− 1
2
M2ρ r
2+ gωQBw+
1
2
gρQ3r− 1
4
c3w
4+U(σ) + ǫF (43)
P (xF , T ) =
1
2
M2ωw
2 +
1
2
M2ρ r
2 +
1
4
c3w
4 − U(σ) + PF (44)
where
ǫF = ǫ0χ(xF , T ) (45)
PF = P0φ(xF , T ) (46)
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Figure 5: The equation of state for dierent parameters sets (L2, NBL,TM1).
The fat that neutron mass depends on fermion onentration ( or neutron hemial
potential µ) now must be inluded into χ(xF , T ) and φ(xF , T ),
χ(xF , T ) =
1
π2
∫ ∞
0
dz z2
√
z2 + δ2(xF ){ 1
exp((
√
δ2(xF ) + z2 − µ′)/τ) + 1
(47)
+
1
exp((
√
δ2(xF ) + z2 + µ′)/τ) + 1
,
φ(xF , T ) =
1
3π2
∫ ∞
0
z4dz√
z2 + δ2(xF )
{ 1
exp((
√
δ2(xF ) + z2 − µ′)/τ) + 1
(48)
+
1
exp((
√
δ2(xF ) + z2 + µ′)/τ) + 1
}
where τ = (kBT )/M ,
µ′ = µ/M =
√
δ2(xF ) + x2F (49)
and
xF = kF/M (50)
Similar to paper [12℄ we have introdued (49,50) the dimensionless Fermi momen-
tum even at nite temperature whih exatly orresponds to the Fermi momentum
at zero temperature. Both ǫF and PF depend on the neutron hemial potential µ or
Fermi momentum xF . This parametri dependene on µ (or xF ) denes the equation
of state. The various equations of state for dierent parameters sets is presented on
g.5. The equation of state for the parameters set TM1 for temperature T=10 MeV
9
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Figure 6: The equation of state for the parameters set TM1 for T=0 (solid line) and
T=20, 50 MeV temperature.
is presented on g.6. It is interesting to notie that even for QB = 0 due to the
presene of the thermal exited partile antipartile pairs there is nite energy and
pressure density. It is interesting to notie that the meson eld ϕ as the salar eld
ontributes to the pressure with negative sign while the vetor meson elds (ω, ρ)
with the positive one.
The neutron star
In this paper we present numerial results desribing the struture of neutron star
based on the relativisti mean eld theory. It is possible to desribe a stati spherial
star solving the OTV equation.
dP (r)
dr
= −G
r2
(ρ(r) +
P (r)
c2
)
(m(r) + 4π
c2
P (r)r3)
(1− 2Gm(r)
c2r
)
(51)
dm(r)
dr
= 4πr2ρ(r) (52)
Having solved the OTV equation the pressure p(r), mass m(r) and density ρ(r) were
obtained. To obtain the total radius R of the star the fulllment of the ondition
p(R) = 0 is neessary. This allows to determine the total gravitational mass of the
star M(R).
Introduing the dimensionless variable ξ, whih is onneted with the star radius r
by the relation r = aξ enables to dene the funtions p(r), ρ(r) and m(r)
ρ(r) = ρ0χ(x(ξ)) (53)
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Figure 7: The neutron star density prole for fermions ρF salar bosons ϕ and gauge
bosons (ωµ,ρ
a
µ).
P (r) = P0ϕ(x(ξ)) (54)
m(r) = M⊙v(ξ) (55)
by ξ. If we dene dimensionless funtions.
λ =
GM⊙ρc
P0a
, µ = 3
Mc
M⊙
, Mc =
4
3
πρ0a
3
(56)
are also need to ahieve the OTV equation of the following form
dϕ
dξ
= −λ(χ(ξ) + ϕ(ξ))v(ξ) + µϕ(ξ)ξ
3
ξ2(1− rg
a
v(ξ)
ξ
)
(57)
dv
dξ
= µχ(ξ)ξ2 (58)
with rg being the gravitational radius.The equations (57,58) are easy integrated nu-
merially, For example, for the neutron star with the entral density ρc = 9 10
14 g/cm3
the star prole in the mean eld approah is presented on the Fig.7. It's interesting
that fermions ontribution to density is lower then a half of total density. The biggest
ontributions ome from the nuleons, the gauge boson eld ωµ and salar boson eld
ϕ. On the surfae of star we have non zero value of density (ρ ∼ 0.25 < ρ0) and
nuleon mass lower than vauum nuleon mass (mF ∼ 762MeV < M). Inside star
with ρc = 9×1014 g/cm3 (maximal stable onguration for the TM1 parameters set)
value of nuleon mass varies from ≈ 300 MeV in entrum of star to ≈ 762 MeV on
11
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Figure 8: The eetive neutron mass prole (mN =Mδ) inside the star.
         













707 0H9
1%/
707 
06XQPDVV
5NP
Figure 9: The R-M diagram for the neutron star.
the surfae (Fig. 8). Fig. 10. shows the stellar masses as a funtion of the entral
density. The parameters of the maximum mass onguration are:
Mmax = 1.91M⊙, R = 12.84 km. (59)
This fat is easy to notie on the mass-radius diagram (Fig. 9). When temperature
is dierent from zero, a star is in generar bigger and more massive (see Figs. 9 and
10).
Conlusion
The struture of stati neutron stars an be determined by solving the Tolman-
12
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Figure 10: The neutron star radius dependene from the entral density ρc.
Oppenheimer-Volko equations. The equation of state will strong inuene on the
neutron star properties. The aim of this work has been to present the equation of
state in the RMF for the nulear matter with temperature dierent from zero. The
hot neutron star in the simple L2 parameters set was examined in our previous work
[13℄. The main objetive of our work was to study the inuene of the temperature
on the main parameters of a neutron star. Neutron matter at nite temperature is
of inreasing interest in relation to the problems of hot neutron stars. In order to
ahieve the proper form of the equation of state the relativisti mean eld approah
was involved.
13
Appendix: Nulear matter properties
The nulear symmetri matter may be desribed by the phenomenologial equation
of state [14℄
ε(u) = ρ0u(M +
3
5
h¯2k2F
2M
+
1
2
Au2 +
B
(σ + 1)
uσ) (60)
where u = ρ/ρ0 is a dimensionless density. For symmetri nulear matter dimension-
less ρ0 = 2.5 10
14 g cm−3 = 0.15nucleons/fm3 = 140 MeV fm−3. The parameter
of ε (60) are
σ =
K0 + 2EF,0
3EF,0 − 9E0 , (61)
B = (
σ + 1
σ − 1)[
1
3
EF,0 − E0], (62)
A = E0 − 5
3
EF,0 −B. (63)
EF,0 is the nonrelativisti nuleon Fermi energy at the saturation point kF,0 (see
Table 2). For the TM1 parameter set (see Table 1) we have
σ = 1.5485; A = −1.58.52MeV ; B = 107.689MeV ;
In this approah the binding energy (see Fig.11 ) is
E0(u) = EF,0u
2
3 +
1
2
Au+
B
(σ + 1)
uσ. (64)
The pressure is
P = u2
d(ε/QB)
dρ
|ρ0 =
2
3
EF,0u
5
3 +
1
2
Au2 +
Bσ
(σ + 1)
uσ+1. (65)
The minimum of the binding energy determine the equilibrium Fermi momentum
kF,0, density ρ0 and inompressibility fator
K = 9ρ0
d2(ε/QB)
dρ2
|ρ0. (66)
The empirial value of K is 210±30MeV [11℄. The inompressibility fator is equal
to
K(u) = 9
d(P/ρ)
du
|ρ0 = 10EF,0u
2
3 + 9(Au+Bσuσ). (67)
The hemial potential dened for partile speies i is given by
µi(u) =
d(ε)
dρi.
. (68)
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Figure 11: The binding energy for nuleon symmetri TM1 phase aording to the RMF
approah (the solid line) and (64) (the dot line), respetively.
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Figure 12: The adiabati sound speed as the funtion of the relative density u = ρ/ρ0 for
the TM1 parameters set.
For example, for nuleon symmetri saturation point µ = 912.73MeV for nuleons.
The adiabati sound speed
(
v
c
)2 =
dP
dε
=
K
9µ
(69)
is presented on the Fig.12. At the saturation point we have the sound speed v =
0.184c. For TM1 parameters, for ρ above 5ρ0 the theory looses its sense. For
other parameters sets when K is grater the range of the theory validity is smaller.
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